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Research  Motivation 


This  work  investigates  the  application  of  Z-source  breaker  in  multi-zone  systems  where  current 
is  provided  to  the  load  through  multiple  paths.  This  study  is  meant  to  emulate  the  zonal  distribution 
system  planned  for  future  navy  ships.  Results  from  detailed  simulation  as  well  as  development  of 
a  low- voltage  dc  testbed  are  documented  in  this  report.  The  motivation  behind  using  dc  zonal 
distribution  is  to  increase  the  power  density  on  Navy  ships.  That  allows  future  navy  ships  to  meet 
their  goal  of  reducing  weight  and  volume;  hence  meeting  higher  efficiency  standards.  The  future 
Naval  designs  will  be  more  compact  as  a  result  of  this  development.  A  challenge  with  dc 
distribution  is  electrical  protection.  Z-source  dc  breakers  are  one  of  the  options  being  considered 
and  this  work  explores  the  integration  of  these  breakers  into  dc  zonal  distribution  systems. 


Task  1:  Zonal  System  Development 

Task  1  specifically  states  "A  detailed  simulation  will  be  created  specifically  to  study  the 
problem  of  circuitous  currents  in  a  zonal  ship  power  system.  It  will  consist  of  port  and  starboard 
busses  feeding  two  zones  though  a  set  of  four  power  converters  and  four  z-source  breakers.  Faults 
will  be  simulated  at  various  points  in  the  system  to  determine  the  effect  on  system  operation.  A 
small  scale  laboratory  system  corresponding  to  the  simulation  will  be  setup." 

For  this  task  the  system  being  studied  is  shown  in  Figure  1.  There  are  two  different  scenarios 
being  considered.  The  case  in  Figure  la)  is  two-converter  four-breaker  system  wherein  two 
converters  are  sharing  the  load  to  feed  two  zones.  The  case  in  Figure  lb)  is  four-converter  four- 
breaker  system  where  each  load  zone  has  its  own  independent  set  of  port  and  starboard  converters. 
Figure  1  shows  the  system  with  zones  numbered  1  to  n.  For  the  detailed  simulation  only  two  of 
the  zones  are  considered  to  highlight  the  problem  of  circuitous  currents.  The  rest  of  the  system  is 
an  extension  of  those  two  zones,  A  screenshot  of  the  system  simulation  on  PSCAD  is  shown  in 
Figure  2  for  case  in  Figure  lb). 
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Figure  1 .  Zonal  de  power  system  (a)  two-converter  four-breaker  system 
(b)  four-converter  four- breaker  system. 


Figure  2.  Screenshot  of  simulation  for  four-converter  four-breaker  system. 


The  Bus  voltage  selected  for  starboard  and  port  is  200V  since  it  can  be  a  readily  emulated  in  a 
laboratory  setup,  Each  side  contains  a  capacitor  of  1 ,2mF  to  maintain  a  steady  bus  voltage.  This 
capacitor  is  also  the  source  of  circuitous  currents  in  the  system  as  will  be  discussed  later.  A  100Q 
resistor  has  been  placed  in  each  zone  as  the  load. 

The  converter  modules  are  current-controlled  buck  converters.  They  are  being  controlled  to 
provide  a  no-load  voltage  of  155  V  at  their  outputs  (155  V  is  one  of  the  low  voltage  standards  used 
by  many  of  the  navy  applications).  Several  load  and  power  modules  are  designed  to  operate  at  that 
standard.  As  the  load  increases  a  3%  droop  will  be  implemented  on  the  output  voltage.  Buck 
converters  provide  a  steady  output  current  which  is  essential  for  the  proper  operation  of  the  Z- 
source  breakers.  Any  discontinuity  in  current  will  be  interpreted  as  a  fault  by  the  breakers.  A 
screenshot  of  the  converter  modules  is  shown  in  Figure  3, 


Figure  3.  Screenshot  of  a  converter  module  simulation. 


The  control  of  the  converter  requires  feedback  from  converter’s  output  current,  inductor 
current  and  output  voltage.  Another  control  input  is  the  required  power  from  the  converter  which 
is  provided  by  a  central  control  and  may  change  depending  on  the  configuration  and  power  sharing 
formula  of  the  system,  The  output  power  of  the  converter  is  calculated  as  the  product  of  measured 
output  voltage  and  measured  output  current.  This  power  is  compared  to  the  required  power 
perimeter  and  adjusted  with  a  3%  droop  to  calculate  the  required  output  voltage.  The  required 
output  voltage  is  compared  to  the  actual  measured  output  voltage  to  adjust  the  required  inductor 
current  through  PI  control.  This  required  inductor  current  is  compared  to  the  measured  inductor 
current  to  adjust  the  required  duty  cycle  of  IGBT  gate  PWM  signal  through  another  PI  control 
loop.  The  values  of  PI  loop  gains  are  selected  by  trial  and  error  for  the  smoothest  current  and 
voltage  transitions. 

The  breaker  design  selected  for  this  project  is  the  cross-connected  Z-source  breaker  with  an 
additional  snubber  branch  and  resistive  current  limiting.  A  screenshot  of  the  breaker  module  is 
shown  in  Figure  4.  During  steady-state  operation  the  capacitors  charge  up  to  the  input  dc  voltage 
and  the  inductors  carry  all  the  current.  The  SCR  is  given  a  pulse  at  its  gate  which  allows  it  to 
conduct  current  and  then  the  gate  pulse  is  removed  so  the  breaker  is  ready  to  respond  to  a  fault. 
When  there  is  a  sharp  change  of  resistance  across  the  output  of  the  breaker,  the  capacitors  begin 


to  discharge  almost  instantly  while  the  inductor  currents  change  so  slowly  that  it  may  be  considered 
to  stay  the  same  for  a  small  period  of  time.  During  this  transient  the  capacitor  voltage  decreases 
forcing  the  SCR  to  be  reverse  biased.  The  capacitor  discharge  current  provides  the  inductor  current 
as  well  as  the  instantaneous  fault  current  which  forces  SCR  current  to  be  forced  to  zero.  As  a  result 
of  being  reverse  biased  and  current  falling  to  zero  the  SCR  stops  conducting  and  will  not  conduct 
again  until  a  pulse  is  provided  at  its  gate.  With  the  SCR  not  conducting  the  source  has  been  isolated 
from  the  load  and  the  beaker  is  said  to  be  open.  The  capacitors  will  continue  to  discharge  until 
their  voltage  reaches  zero,  after  that  the  fault  will  not  be  fed  any  more  current. 


Figure  4.  Screenshot  of  Z-source  breaker  module  simulation. 


An  antiparallel  combination  of  SCRs  is  used  to  create  shunt  faults  in  the  simulation.  The  fault 
resistance  can  be  controlled  through  the  on  resistance  parameter  of  the  SCR  models.  The 
antiparallel  combination  allows  considering  fault  currents  in  both  directions.  There  are  three  fault 
locations  considered  for  each  zone  with  respect  to  the  location  of  auctioneering  diodes.  This  is 
shown  in  Figure  5. 
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Figure  5.  Fault  locations  studied  for  each  zone. 


A  fault  at  location  B  is  directly  across  the  load  and  so  the  entire  zone  must  be  isolated  from  the 
system.  This  would  mean  the  breakers  at  port  and  starboard  both  should  open.  The  result  from  this 
simulation  of  a  single  zone  is  shown  in  Figure  6.  The  top  two  subplots  are  the  input  and  output 
currents  respectively  of  breaker  A.  The  next  two  subplots  are  the  input  and  output  currents  of 
breaker  B  and  the  bottom  subplot  is  the  fault  current,  It  can  be  seen  that  the  output  currents  of 
breaker  A  and  breaker  B  contribute  equally  to  the  fault  current  and  input  current  of  these  breakers 
show  how  quickly  the  system  isolates  the  zone  from  the  port  and  starboard  bus. 
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Figure  6.  System  response  for  a  fault  at  location  B. 


The  presence  of  auctioneering  diodes  in  these  zones  ensures  that  the  load  can  be  fed  from  either 
port  or  starboard  side  if  required.  It  is  possible  to  open  one  of  the  breakers  and  have  twice  the 
power  flow  from  the  other  one.  This  also  allows  the  flexibility  in  case  of  a  fault  at  position  A  or  C 
as  shown  in  Figure  5  that  the  load  can  continue  to  get  power  through  one  of  the  sides  at  least. 
However,  when  the  case  is  simulated  with  fault  at  location  A  it  is  observed  that  both  the  breakers 
still  open  which  is  not  the  ideal  result.  Figure  7  shows  the  current  waveforms  same  as  Figure  6  but 
for  the  case  of  fault  at  location  A.  From  figure  7  it  can  be  seen  that  both  the  breakers  open  although 
there  is  no  sharp  spike  of  current  at  the  output  of  Breaker  B  and  output  of  breaker  A  provides  bulk 
of  the  fault  current. 
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Figure  7.  System  response  for  a  fault  at  location  A. 


For  the  system  shown  in  Figure  1,  neither  the  Z-source  breakers  nor  the  dc/dc  converters 
provide  galvanic  isolation.  This  means  that  there  is  an  electric  path  from  the  negative  rail  of 
starboard  bus  to  the  negative  rail  of  the  port  bus.  This  could  lead  to  circuitous  current  in  the  system 
in  the  case  of  transients  such  as  a  shunt  fault.  For  the  fault  location  A,  the  path  of  circuitous  fault 
current  is  traced  and  shown  in  Figure  8.  The  source  of  this  current  is  the  capacitor  at  the  output  of 
the  buck  converter  on  the  port  side  of  system.  The  capacitor  at  the  output  of  buck  converter  on  the 
starboard  side  does  not  see  the  fault  due  to  blocking  diodes.  The  discharge  path  of  the  capacitor 
creating  this  circuitous  current  includes  the  inductors  of  Z-source  breakers. 


-VC 


Figure  8.  Path  of  circuitous  current  in  a  single  zone. 

The  initial  injection  of  this  circuitous  current  in  the  negative  rail  of  starboard  side  Z-source 
causes  the  SCR  in  its  positive  rail  to  be  reversed  biased  and  the  current  through  it  falls  to  zero 
instantly.  One  way  to  prevent  this  from  happening  is  to  block  this  current  path  using  a  diode. 
Another  diode  should  be  added  to  block  the  path  of  circuitous  current  in  case  the  fault  occurs  at 
the  starboard  side.  The  resulting  system  with  two  additional  diodes  is  shown  in  Figure  9.  The  diode 
labeled  X  will  block  the  circuitous  current  without  blocking  the  current  for  normal  operation. 


Figure  9,  Simulated  system  with  additional  negative  rail  diode. 


The  system  in  Figure  9  is  simulated  for  the  fault  location  shown.  Only  the  breaker  at  the  port 
side  opens.  The  resulting  current  waveforms  are  shown  in  Figure  1 0  in  the  same  order  as  in  Figures 
6  and  7.  It  can  be  seen  that  there  is  no  large  spike  in  current  for  output  of  breaker  B.  This  means 
that  the  injection  of  capacitive  discharge  from  the  port-side  converter  to  the  starboard-side  breaker 
has  been  blocked.  As  a  result,  the  starboard-side  breaker  is  prevented  from  opening.  It  can  be  seen 
that  after  the  fault,  the  current  through  breaker  B  doubles  to  compensate  for  loss  of  power  from 
the  port  side. 
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Figure  10.  System  response  for  a  fault  at  location  A  with  additional  diodes  on  negative  rail. 


To  verify  the  role  of  auctioneering  diodes,  circuitous  currents  and  their  effect  on  fault  location, 
the  simulated  systems  are  assembled  in  the  lab.  The  breaker  box  contains  the  design  of  Z-source 
breaker  shown  in  Figure  4.  The  design  specification  for  that  are  provided  in  Table  I.  For  dc/dc 
converters,  two  simple  buck  converters  are  designed  and  assembled.  The  specifications  for  these 
buck  converters  are  provided  in  Table  II.  Figure  11  shows  the  lab  setup  for  these  experiments. 
Prototype  breaker  box  is  shown  in  Figure  12.  All  experiments  are  obtained  at  converter  input 
voltage  of  220V,  output  voltage  of  150V  and  load  of  500. 


Table  I.  Z-source  breaker  parameters. 
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Table  II.  Buck  converter  specifications. 
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Figure  1 1 .  Laboratory  setup  with  prototype  breakers  and  dc/dc  converters. 


Figure  12.  Prototype  z-source  breaker  enclosure 

Figure  13  shows  the  current  waveforms  corresponding  to  the  laboratory  setup  where  additional 
diodes  are  used  to  block  circuitous  current.  The  resulting  waveforms  look  similar  to  the  simulation 
results  in  Figure  10.  The  positive  and  negative  rail  currents  are  balanced.  Only  the  breaker  at  the 
starboard  bus  opened  and  the  current  through  the  positive  rail  of  the  other  breaker  doubled  to 
compensate  for  it.  The  waveforms  in  Figure  13  are  labeled  Ia  to  Id  corresponding  to  the  Figure  5. 
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Figure  13.  Current  waveforms  for  lab  setup  with  additional  diodes  in  negative  rail. 


Task  2:  Breaker  Reconfiguration  Control 

Task  2  states  "A  method  for  reconfiguration  of  circuit  breakers  that  identifies  circuitous 
currents  will  be  developed.  To  whatever  extent  possible,  the  focus  will  be  on  autonomous  control 
that  can  be  implemented  on  each  individual  breaker.  The  control  will  be  validated  using  the 


simulation  developed  in  Task  1 .  The  reconfiguration  method  will  then  be  tested  on  the  laboratory 
setup." 

From  the  previous  task,  the  problem  of  circuitous  current  and  its  effect  has  been  identified.  The 
method  of  using  additional  diodes  seems  to  have  solved  the  problem  from  simulation  and  lab 
results  but  the  additional  diodes  in  the  system  are  in  the  path  of  the  steady-state  current  so  that  it 
would  introduce  some  power  losses.  Another  way  to  achieve  optimum  results  using  Z-source 
breakers  is  discussed  in  this  section.  Figure  7  shows  that  both  of  the  breakers  open  even  though 
the  output  currents  differ  significantly.  There  is  a  large  spike  in  output  of  breaker  A  feeding  the 
fault  current  caused  by  the  capacitive  discharge  of  the  shunt  capacitance  in  the  Z-source  breaker. 
In  contrast  to  that,  the  output  current  of  breaker  B  shows  some  increase,  but  compared  with  the 
steady-state  current,  it  is  only  a  slight  change. 

With  this  information  known,  the  fault  location  can  be  determined  by  comparing  the  current 
with  a  preset  threshold.  The  threshold  value  should  be  about  four  to  five  times  the  steady-state 
current.  If  both  positive  and  negative  rail  currents  exceed  that  threshold,  it  can  be  concluded  that 
the  fault  is  at  the  output  terminals  of  the  breaker  and  no  action  is  necessary.  However,  if  only  the 
negative  rail  current  exceeds  that  threshold,  a  flag  will  be  set  indicating  that  the  breaker  turned 
OFF  due  to  a  circuitous  current  and  should  be  reclosed  after  a  reasonable  settling  time.  Table  III 
presents  the  summary  of  required  actions  for  fault  locations  simulated  in  locations  shown  in  Figure 
5. 


Table  III.  Control  action  summary. 


RiulL  Locution 

Purl  IlmikiT 

nirnifit 

reftp  ohm? 

Starboard 
liri'jtktir  current 

response 

Control  Action 

A 

HuLh  output 
currtfiil  uxmtil 

l  b  resin  lid 

Only 

mil  current 
exceed  threshold 

Oita*?  »Slorlumrd 
side  breaker 
lifter  time  7' 

13 

!LjL]i  output 
current  exceed 
threshold 

Until  output 
current  exceed 

threshold 

Nu  union 
required 

C 

Only  ncgnlive 
rnil  current 
exceed  thri’sholr! 

Jlo<  h  output 
current  exrml 
threshold 

Clobe  .Slnrbonrd 
wide  breaker 
nfler  time  7' 

The  advantage  offered  by  this  approach  is  higher  efficiency  during  normal  operation.  The 
disadvantage  is  that  the  power  to  the  load  is  interrupted  for  some  time  before  being  restored.  It  is 


therefore  important  to  categorize  the  loads  as  critical  or  noncritical.  This  approach  should  be 
preferred  for  noncritical  load  that  can  afford  a  small  interruption  in  power  without  harming  ships 
operation  or  a  high  current  load  where  efficiency  is  a  critical  factor. 

For  the  simulated  system  the  output  currents  from  the  breakers  are  monitored  to  identify  if  the 
output  current  has  exceeded  the  set  threshold.  In  this  way  the  breaker  can  identify  the  location  of 
the  fault  with  respect  to  the  auctioneering  diodes.  The  central  control  monitors  these  current  signals 
from  the  breakers  and  resolves  if  any  of  the  breakers  need  to  be  reclosed.  In  case  of  four-converter 
four-breaker  system  the  zones  have  their  own  set  of  independent  converters.  In  case  of  reclosing 
the  breaker  one  of  the  converters  doubles  its  load  while  the  other  converters  remain  unaffected. 

In  case  of  two-converter  four-breaker  system  there  are  several  load  sharing  possibilities.  If  the 
fault  occurs  at  the  location  shown  in  Figure  1  and  the  objective  of  power  sharing  is  to  balance  the 
load  between  port  and  starboard,  then  starboard  converter  would  provide  entire  load  of  zone  2. 
This  would  mean  that  breaker  C  will  have  to  provide  double  of  its  pre  fault  current.  Similarly  the 
port  side  converter  will  provide  entire  load  of  Zone  1  and  breaker  B  will  provide  twice  of  its  pre¬ 
fault  current  after  reclosing.  The  current  through  breaker  D  will  fall  to  zero  and  it  will  be  open. 

If  the  objective  of  power  sharing  is  to  ensure  equal  steady-state  current  through  the  breakers  in 
zone  2  then  the  required  power  through  the  converters  will  need  to  be  changed  to  3:1.  The  port 
converter  will  provide  the  entire  load  of  zone  1  as  well  as  half  the  load  of  zone  2.  The  starboard 
converter  will  be  providing  only  half  the  load  of  zone  2.  This  power  sharing  is  simulated  and  the 
results  are  shown  in  Figure  13  for  a  fault  at  location  shown  in  red  in  Figure  1.  This  power  sharing 
is  achieved  in  the  simulation  through  modification  of  rated  power  in  droop  control  of  the  buck 
converters.  For  the  system  in  Figure  lb)  each  converter  has  its  own  breaker  so  the  power  ratios 
can  stay  1 : 1  in  every  scenario.  Figure  1 3  also  shows  a  reclosing  time  of  about  0.1s.  Because  of  the 
complete  independent  orientation  of  breakers  and  converters  in  four-converter  four-breaker  system 
there  is  almost  no  disturbance  in  the  output  current  of  breaker  C  and  D  while  the  system  opens  and 
recloses  as  shown  in  Figure  1 3b).  For  the  two-converter  four-breaker  system  there  is  disturbance 
in  the  breaker  currents  of  zone  2  even  though  the  fault  is  in  zone  1 .  These  transients  are  a  result  of 
the  converters  trying  to  balance  current  between  breakers  C  and  D  feeding  zone  2. 
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Figure  13.  Z-source  output  current  waveforms  (a)  two-converter  four-breaker  system 

(b)  four-converter  four-breaker  system. 


To  verify  the  approach  of  fault  location  detection  through  lab  setup,  the  output  currents  of  both 
breakers  in  a  single  zone  are  measured  using  Hall  effect  sensors.  The  outputs  of  those  sensors  are 
compared  with  a  set  threshold  voltage  using  analog  comparators.  Once  a  current  crosses  the 
threshold,  the  state  is  locked  to  indicate  that  a  fault  has  occurred.  The  gate  control  device  for  each 
breaker  will  communicate  this  information  to  a  central  control.  Based  on  the  summary  from  Table 
3,  the  central  controlling  device  decides  the  appropriate  action  and  sends  the  information  back  to 
the  gate  control  device. 

To  implement  the  scheme  from  Table  III,  LEM  current  sensors  are  installed  in  the  current  path 
of  the  inductors  in  Z-source  breaker.  The  current  signals  are  processed  to  ensure  their  value  stays 
between  0  and  5V  which  is  the  acceptable  ADC  input  range  for  Arduino  Uno  device.  The  steady 


state  current  in  this  experiment  through  each  breaker  is  expected  to  be  1 ,5A.  The  current  threshold 
is  therefore  programmed  at  ADC  input  of  2.5V  which  corresponds  to  roughly  5  A.  Once  the  current 
exceeds  the  threshold,  the  Arduino  raises  a  flag  and  keeps  sending  this  information  to  the  central 
control  until  it  receives  a  reset  command.  To  communicate  with  the  central  control,  the  UART 
module  of  Arduino  Uno  is  used.  An  HC-06  bluetooth  device  is  connected  to  Arduino  which  sends 
and  receives  the  data  from  another  HC-06  device  connected  to  the  central  control.  The  two 
Bluetooth  devices  need  to  be  paired  once  before  installation  and  after  that  they  can  automatically 
detect  each  other  for  future  operations. 

This  local  Arduino  device  is  responsible  for  sending  gate  signals  to  the  SCR  in  the  breaker. 
The  output  current  from  Arduino  device  is  not  enough  to  drive  the  gate  of  an  SCR  so  a  current 
amplifier  is  made  from  a  discrete  BJT.  The  amplified  signal  then  goes  through  a  pulse  transformer 
to  provide  isolation.  A  block  diagram  of  the  local  control  setup  is  shown  in  Figure  14. 
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Figure  14.  Block  diagram  of  the  local  control  on  each  breaker 

The  central  control  is  setup  about  10  feet  away  at  another  work  bench.  Each  Hc-06  module 
from  the  breaker  has  its  paired  bluetooth  module  connected  to  another  Arduino  uno.  In  this  setup 
there  were  two  breakers  used  so  one  of  the  two  arduino s  is  selected  as  the  main  controller.  All  the 
data  is  collected  in  that  Arduino  and  it  sends  out  the  gate  signals  for  the  SCRs  which  are  wirelessly 
communicated  to  the  breakers.  A  settling  time  of  0.2s  is  programmed  for  the  system  in  form  of  a 
delay  in  sending  the  reclosing  signal  when  required.  A  block  diagram  is  shown  in  Figure  15. 
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Figure  15.  Block  diagram  of  the  central  control  for  laboratory  setup 

Figure  16  shows  the  current  sensors  outputs  corresponding  to  the  current  waveforms  when  the 
fault  is  created  at  location  C  from  figure  5.  It  can  be  seen  that  initially  both  breakers  turn  OFF  and 
this  part  of  waveform  is  similar  to  Figure  7.  After  some  settling  time,  the  breaker  at  port  side  closes 
and  starts  conducting  again.  The  return  path  of  the  current  is  shared  between  the  two  breakers. 
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Figure  16.  Breaker  A  and  breaker  B  output  currents  at  fault  and  re  integration  for  fault  location 

shown  in  Figure  1. 


Conclusion 


Circuitous  currents  in  galvanically  non-isolated  zonal  systems  create  a  number  of  issues  that 
disturb  fault  protection  schemes.  These  large  comm  on- mode  currents  not  only  are  damaging  in 
magnitude,  they  also  cause  protection  systems  to  falsely  turn  OFF  power  converters  and  breakers 
supplying  power  from  a  healthy  path.  The  first  part  of  this  work  addresses  creating  a  detailed 
simulation  to  observe  circuitous  currents  in  a  zona!  power  system.  The  simulation  showed  multiple 
breakers  switching  off  in  response  to  a  fault  in  one  location;  a  false-positive  situation.  A  low- 
voltage  laboratory  setup  was  created  which  verified  the  same  false-positive  breaker  operation.  A 
reconfiguration  method  was  developed  in  the  simulation  and  later  applied  to  the  laboratory  system. 
Three  fault  scenarios  were  tested  and  a  centralized  control  re-energizes  the  appropriate  breakers  to 
maintain  remedial  system  operation. 


